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Introduction
The central nervous system arises from the neural tube,
which enlarges in the head region to form the brain and
forms the spinal cord in the trunk. The peripheral nervous
system arises from the neural crest, a population of cells
originating within the dorsal neural tube. The neural tube
begins as a pseudostratified columnar epithelium composed
of apparently homogeneous precursor cells that later dif-
ferentiate into numerous types of neurons and glia. Soon
after its formation, the neural tube begins to display a char-
acteristic polarity along the dorsoventral axis. From the
dorsal aspect, neural crest cells emerge, migrate extensively
and give rise to numerous and varied cell types. In the trunk,
neural crest cells travel to their final destinations along two
routes: (1) a ventral pathway through the rostral half of each
somitic sclerotome (Rickmann et al., 1985; Bronner-Fraser,
1986) and (2) a dorsolateral pathway underneath the ecto-
derm (LeDouarin, 1974; Serbedzija et al., 1989). Neural
crest cells that migrate along the ventral pathway differen-
tiate into neurons and glia of the sensory and sympathetic
ganglia, adrenomedullary cells, Schwann cells and chro-
maffin cells; those cells that migrate along the dorsolateral
pathway give rise to melanocytes. Although their migratory
paths are well understood, virtually nothing is known about
the factors that influence formation of the neural crest and
their emigration from the neural tube. Even after neural tube
closure, a common precursor for neural tube and neural
crest c lls exists in the dorsum of the neural tube, sug-
gesting that the neural crest is not a presegregated popula-
tion (Bronner-Fraser and Fraser, 1988, 1989). Thus, the
fates of neural crest and dorsal neural tube cells appear to
be intimately interlinked. Other dorsal neural tube cells dif-
ferentiate, in the midline, into roof plate cells and, laterally,
into commissural neurons which project their axons ven-
trally. The ventral neural tube develops a floor plate in the
midline and pools of motor neurons ventrolaterally. 
The polarity of the neural tube may, in part, be set-up
by extrinsic factors. For example, grafting and ablation
experiments suggest that the notochord confers ventral
properties on the neural tube. A grafted notochord can
induce t e formation of motor neurons as well as a floor
plate, ecognizable by its characteristic wedge-shaped cell
morphology (van Straaten et al., 1988, 1989; Smith and
Schoenwolf, 1989) and expression of floor-plate-specific
markers (Yamada et al., 1991). In young avian embryos,
any portion of the neural tube, including the dorsal-most
region, is competent to form floor plate cells and motor
neurons when juxtaposed to the notochord (Yamada et al.,
1991). 
Is the notochord sufficient to generate dorsoventral dif-
f rences in the neural tube? If so, the notochord may inhibit
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Grafting experiments previously have established that
the notochord affects dorsoventral polarity of the neural
tube by inducing the formation of ventral structures
such as motor neurons and the floor plate. Here, we
examine if the notochord inhibits formation of dorsal
structures by grafting a notochord within or adjacent
to the dorsal neural tube prior to or shortly after tube
closure. In all cases, neural crest cells emigrated from
the neural tube adjacent to the ectopic notochord. When
analyzed at stages after ganglion formation, the dorsal
root ganglia appeared reduced in size and shifted in
position in embryos receiving grafts. Another dorsal cell
type, commissural neurons, identified by CRABP and
neurofilament immunoreactivity, differentiated in the
vicinity of the ectopic notochord. Numerous neuronal
cell bodies and axonal processes were observed within
the induced, but not endogenous, floor plate 1 to 2 days
after implantation but appeared to be cleared with time.
These results suggest that dorsally implanted noto-
chords cannot prevent the formation of neural crest cells
o  commissural neurons, but can alter the size and posi-
tion of neural crest-derived dorsal root ganglia. 
Key words: neural crest cells, dorsal root ganglion, commissural
neurons, ventral roots.
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or subvert formation of dorsal structures such as neural crest
cells and commissural neurons. A notochordal inßuence on
neural crest cells may not be unexpected, since it appears
to inhibit ventrally migrating neural crest cells in its imme-
diate vicinity (Newgreen et al., 1986; Pettway et al., 1990).
Here, we examine whether the notochord alone is sufficient
to polarize the neural tube along the dorsoventral axis. A
notochord was grafted within or near the dorsal neural tube
prior to neural crest cell emigration to examine if it would
suppress formation of neural crest cells and/or commissural
neurons. The results show that neural crest cells and com-
missural neurons differentiate even in the presence of a
grafted notochord. However, the notochord does alter the
size and position of some neural crest derivatives. 
Materials and methods
Preparation of notochord for implantation
Quail embryos (Coturnix coturnix japonica) were incubated at
38°C until the embryos reached stage 12-13 (Hamburger and
Hamilton, 1951). The trunk region was dissected out of the
embryo using an electrolytically sharpened tungsten needle. The
notochords were isolated from surrounding tissues with collage-
nase (160 units/ml; Worthington Biochemical, Freehold, NJ) for
15 minutes on ice, followed by 7 minutes at 37°C. The notochords
then were allowed to recover in complete medium consisting of
Modified Eagle’s Medium (MEM) plus 15% horse serum and 10%
embryo extract for one hour on ice. For control experiments, the
notochords were isolated in the same manner and then fixed in
4% paraformaldehyde in 0.1 M phosphate buffer (PB) for 2 hours.
Prior to implantation, the fixed notochords were rinsed twice with
complete medium where they remained for approximately 1 hour.
Preparation of chick hosts
White Leghorn chicken embryos were incubated at 38°C for
approximately 36 hours by which time they reached stage 9-11
(Hamburger and Hamilton, 1951). The eggs were washed with
70% ethanol, 1.5 ml of albumen was removed, a window was cut
in the shell over the embryo and India ink (Pelikan Fount,
Hanover, FGR) diluted 1:4 in Howard Ringer’s solution was
injected under the blastoderm to aid in visualization of the embryo.
The vitelline membrane was deflected using an electrolytically
sharpened tungsten needle. Following the surgery, the egg was
sealed with cellophane tape (Scotch Magic 3M) and returned to
the incubator until the time of fixation.
Microsurgery
The types of microsurgical operations are summarized diagram-
matically in Fig. 1. In order to place a notochord in the dorsal-
most portion of the neural tube, it was placed in the midline of
the closing neural tube prior to fusion of the neural folds (Fig.
1A). This operation often prevented the neural folds from fusing,
resulting in the induction of a floor plate in the dorsal midline
where the roof plate would normally form (Yamada et al., 1991);
in other cases, the neural tube closed, resulting in a notochord
over the dorsal-most aspect of the neural tube. For notochord
grafts lateral to the neural tube, a pulled glass needle was used to
make an incision 3-5 somites in length in the unsegmented meso-
derm region lateral to the neural tube. A donor notochord was
transferred in 2 ml of medium using a pipetman and was placed
in the vicinity of the incision. The notochord was oriented paral-
lel to the incision and inserted between the dorsal neural tube and
the unsegmented mesoderm using a glass needle (Fig. 1B). The
embryos were allowed to survive for 1-3 days after the operation.
In order to ablate the notochord, an incision was made along
both sides of the neural tube of stage 9-10+embryos. A third inci-
sion was made perpendicular and caudal to the first incisions and
the neural plate was carefully lifted and folded forward. The noto-
chord was scraped off the underside of the neural plate in the pos-
terior region of the embryo. Approximately 300-400 mm worth of
notochordal tissue was removed and the neural plate was returned
to its original position; this resulted in the absence of the noto-
chord over 5-10 somite lengths in the embryo. Following removal
of the endogenous notochord, another notochord was grafted into
a dorsal position in the same embryo as described above (Fig.
1C).
Focal injections of DiI prior to notochord implantation
Ne ral fold tissue was labelled by a unilateral, focal injection of
DiI (1,1-dioctadecyl-3,3,3¢ ¢-tetramethylindocarbo-cyanine per-
chlorate  Molecular Probes) as described previously (Serbedzija
et al., 1989, 1990). A 0.1% solution of DiI was made from an
0.5% stock solution in 100% ethanol diluted 1:5 in 0.3 M sucrose.
The injection micropipettes were back filled with the DiI solution
and attached to a pressure injection apparatus. Then the
micropipette was inserted into a small region of the neural fold
on one side of the embryo using a micromanipulator (Narashige)
and a small amount of the DiI solution was expelled. Residual DiI
crystals were washed away with Ringer’s solution. Then, a noto-
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Fig. 1. Schematic diagram illustrating the microsurgical
operations used in this study. (A) Implantation of an ectopic
notochord in the dorsal midline prior to neural tube closure. (B)
Implantation of an ectopic notochord lateral to the dorsal neural
tube after tube closure. (C) Implantation of an ectopic notochord
as in (A), with the host notochord removed. 
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chord was placed into the closing neural plate as described above.
The egg was sealed with adhesive tape and returned to the incu-
bator. Embryos were fixed overnight in 4% paraformalde-
hyde/0.25% glutaraldehyde at 4°C, rinsed and incubated in phos-
phate-buffered saline (PBS) for 2-3 hours, placed in 5% sucrose
in PBS containing 0.01% azide for 2-4 hours and into 15% sucrose
in PBS at 4°C overnight. The tissue was embedded in 7.5% gelatin
(Sigma; 300 Bloom) in 15% sucrose/PBS at 37°C for 2-3 hours,
oriented and frozen in Tissue Tek OCT (Miles Laboratory) in
liquid nitrogen. 10-14 m m frozen sections were cut on a Zeiss




For identifying neurons and their processes, embryos were stained
with an antibody against a nonphosphorylated epitope of rat neu-
rofilament provided by Dr Virginia Lee (Lee et al., 1987).
Embryos were fixed overnight in methanol at 4°C. They were then
prepared for cryostat sectioning by washing in 0.1 M PB for l
hour followed by 5% sucrose in 0.1 M PB overnight. Embryos
were placed into 15% sucrose overnight at 4°C, embedded in 15%
sucrose/7.5% gelatin (Sigma), rapidly frozen in liquid nitrogen
and serially sectioned at a thickness of 10 m m on a cryostat (Zeiss
Microm). Sections were mounted on gelatin-subbed slides. Slides
were stained with the neurofilament antibody (diluted 1:300 in
0.1% BSA in PBS) overnight at room temperature. After wash-
ing in PBS, sections were stained with a highly fluorescent FITC-
conjugated goat anti-mouse IgG (Antibodies, Inc.) for 1 hour.
Slides were coverslipped with glycerol (90% glycerol/10% 0.5 M
sodium carbonate, pH 7.8, containing 2 mg/ml 1,4-diazabicy-
clo(2,2,2,)octane and viewed on an Olympus Vanox epifluores-
cence microscope. Following observation, the coverslip was
removed from some of the neurofilament stained sections and they
were restained with HNK-1 or SC-1 antibodies as described
below. 
HNK-1 antibody
In most cases, embryos were fixed for 1 hour in Zenker’s fixative
and then prepared for paraffin embedding. Embryos to be embed-
ded in paraffin were dehydrated through a graded series of
ethanols, followed by three washes in Histosol (National Diag-
nostics), three changes of paraplast, then embedded in fresh para-
plast. Blocks were sectioned on a Leitz microtome at 10 m  thick-
ness and placed on slides coated with albumin. The sections were
deparaffinized in two changes of histosol, followed by rehydra-
tion in 100%, 100%, 90%, 70% and 30% ethanol for 1 minute
each. After the final ethanol step, slides were rinsed for one minute
in 0.1 M PB. Slides were incubated with HNK-1 antibody
(hybridoma supernatant) for 2 hours at room temperature or
overnight at 4°C. After rinsing with 0.1 M PB for 3 minutes, the
sections were incubated with TRITC-conjugated goat anti-mouse
IgM (Zymed) for one hour, washed and coverslipped as described
above. For analysis of dorsal root ganglion size in HNK-1
immunostained embryos, the area of the ganglia was measured on
the operated and unoperated sides of the embryo as described pre-
viously (Bronner-Fraser, 1985).
SC-1 antibody
Embryos were fixed in 4% paraformaldehyde or as described
above for neurofilament immunoreactivity and cryostat sectioned.
SC-1 antibody (kindly provided by Drs H. Tanaka and T.
Yamada), which recognizes floor plate and motor neurons, was
applied overnight to some slides. After rinsing, sections were incu-
bated with an FITC-conjugated goat anti-mouse IgG (Zymed) for
one hour. The secondary antibodies were diluted 1:60 in 0.1%
BSA in phosphate-buffered saline (PBS), washed and coverslipped
as described above. 
CRABP antibody
An antibody against cellular retinoic acid binding protein
(CRABP; kindly provided by Dr Ulf Eriksson; Eriksson et al.,
1987) was used to recognize commissural neurons (Maden et al.,
1989). Embryos were fixed in 20% isopropanol, 4% paraformalde-
hyde and 2% TCA overnight at 4°C, embedded in paraffin and
serially sectioned. Slides were dewaxed, rehydrated through a
graded series of ethanols and placed in PBS. They were then
blocked with goat serum (diluted 1:100 in PBS) for 40 minutes.
Slides were incubated with an antibody against CRABP (diluted
1:1000) overnight at 4°C. After three washes in PBS, slides were
stained with an ABC Elite kit (Vector laboratories) containing a
horseradish-peroxidase-conjugated anti-rabbit IgG secondary anti-
body in order to visualize the CRABP antibody. Briefly, the sec-
ondary antibody was added for 40 minutes at room temperature,
the slides were washed three times in PBS, and diaminobenzidine
(5 m g/ml of Tris buffer) was added for 5-10 minutes. The slides
were washed again in PBS, counterstained, dehydrated and
mounted in Permount. Slides were viewed on a Vanox Micro-
scope equipped with differential interference contrast optics.
Results 
Effects of a dorsal notochord implant on emigration of
HNK-1 immunoreactive neural crest cells
A notochord was placed either within, on top of or lateral
to the dorsal neural tube in 10 host embryos. Some grafts
(n=5) were performed prior to neural tube closure in order
to position the notochord on the dorsal-most aspect of the
neural tube (Fig. 1A). In four cases, the notochord pre-
vented fusion of the neural folds, resulting in a notochord
wedged within the dorsal neural tube; this type of opera-
tion produces a floor plate in the presumptive roof plate
region (Yamada et al., 1991). The remaining 5 grafts were
performed shortly after tube closure to position the noto-
chord dorsolateral to the neural tube (Fig. 1B); two of the
embryos received two grafts, one notochord on each side
of t e host neural tube. Operations were performed at stages
10-11, which is prior to neural crest cell emigration in the
trunk and when the neural tube is competent to respond to
induction of ventral structures by the notochord (Yamada
et al., 1991). In all 10 embryos examined at stages 17-19,
the dorsal or dorsolateral portion of the neural tube assumed
a wedge-shaped morphology (Fig. 2), suggesting the pres-
ence of a dorsally induced floor plate. We verified the
induction of an extra floor plate in the dorsal neural tube
in 3 embryos by staining with the SC1 antibody, a molec-
ular marker for the floor plate (Yamada et al., 1991); the
presence of a dorsal floor plate was similar to that described
by other investigators (Yamada et al., 1991; and data not
shown). 
For all 10 embryos, HNK-1 immunoreactive neural crest
cells emigrated from the dorsal neural tube, even when the
ectopic notochord was adjacent to the dorsal midline (Fig.
2A). The HNK-1 reactive cells were observed along the
surface of the neural tube (Fig. 2B), but also contacted the
notochord when no other space was available. This suggests
that the notochord does not prevent formation of neural
crest cells or their emigration from the neural tube. 
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Effects of a dorsal notochord implant on emigration of DiI-
labelled neural crest cells
The HNK-1 antibody is not a specific neural crest cell
marker; for example, it recognizes some ventral neural tube
cells (see Fig. 2A). In addition, the antibody stains neural
crest cells at all axial levels, making it impossible to deter-
mine the site of origin of those HNK-1 immunoreactive
cells adjacent to the implanted notochord. Thus, we cannot
rule out the possibility that a dorsally implanted notochord
may prevent local neural crest cell emigration, but HNK-1
reactive cells may migrate from rostral and caudal portions
of the neural tube to replace the missing population. To cir-
cumvent these problems, we used an alternative approach
for labelling neural crest cells by performing small focal
injections of the vital dye, DiI, into the neural folds prior
to neural tube closure. This makes it possible to label a
small subpopulation of premigratory neural crest cells
which emerges adjacent to the grafted notochord. The noto-
chord graft was placed immediately adjacent to the labelled
tissue and in some cases (n=3) prevented fusion of the
neural folds, becoming lodged within the dorsal neural tube. 
We examined the distribution of DiI-labelled cells in 10
embryos fixed from 24 to 36 hours after implantation and
labelling. 24 hours after the operation, the dorsal neural tube
was clearly labelled on one side of the embryo adjacent to
the ectopic notochord (Fig. 3A), but no DiI-labelled cells
had emigrated from the neural tube. At a slightly later stage,
DiI-labelled neural crest cells could be observed external
to the neural tube, in the proximity of the neural tube and
the implanted notochord (Fig. 3B). By 36 hours after oper-
ation, large numbers of DiI-labelled neural crest cells were
observed within the rostral sclerotome and around the
dorsal aorta (Fig. 3C,D). The pattern of DiI-labelled cells
was analogous to the distribution of HNK-1 immunoreac-
tive cells after implantation of a dorsal notochord. These
results suggest that the neural crest cells can originate from
the neural tube adjacent to an implanted notochord and con-
fi rm that DiI and HNK-1 labelling techniques yield similar
results. 
Effects of a dorsal notochord implant on neural crest cell
emigration in the absence of the host notochord
In 11 embryos, the host notochord was removed (Fig. 1C)
prior to implantation of a donor notochord onto the dorsal
neural tube at stages 9-10+. Removing the notochord at this
stage prevents formation of a morphologically detectable
fl oor pla e and motor neurons in the ventral neural tube (van
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Fig. 2. Fluorescence micrographs of transverse sections through
embryos into which notochords were grafted adjacent to the dorsal
neural tube (NT). Embryos were examined for the presence of
migrating neural crest cells using the HNK-1 antibody. (A) A
single ectopic notochord (N¢ ) was placed in the dorsal midline of a
stage-11 embryo. When examined at stage 17, neural crest cells
(indicated by a large arrow) had emigrated from the dorsal neural
tube despite the presence of the ectopic notochord. (B) An embryo
in which notochords (N¢ ) were grafted on either side of the dorsal
neural tube at stage 11. By stage 16, neural crest cells had
emigrated from the neural tube. Some were located on the dorsal
surface of the tube (curved arrow) whereas others were observed
between the neural tube and somites (small arrow). (C) An
embryo, fixed at stage 16+, in which the notochord was ablated
and an additional notochord was grafted to the dorsum of the
neural tube at stage 10. HNK-1 immunoreactive neural crest cells
(arrows) were observed emanating from the dorsal neural tube and
migrating within the rostral sclerotome. The dorsal neural tube
appeared wedge-shaped in the dorsal aspect. In contrast, the
ventral neural tube cells did not assume a wedge-shaped
morphology (compare with ventral neural tube in A and B). Bar =
50 m m in A,B; 60 m m in C.
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Straaten et al., 1988, 1989; Smith and Schoenwolf, 1989;
Yamada et al., 1991). After implantation of a dorsal noto-
chord, a morphologically recognizable floor plate was
detected by the wedge-shaped group of cells in the dorsal,
but not ventral, portion of neural tubes in these embryos.
We examined the pattern of neural crest cell emigration to
determine whether neural crest cells would originate from
the dorsal neural tube after induction of a dorsal ‘floor plate’
in the absence of the endogenous floor plate. In all embryos,
HNK-1 immunoreactive neural crest cells emigrated from
the dorsum of the neural tube (Fig. 2C). This demonstrates
that removal of the host notochord and grafting of a dorsal
notochord is not sufficient to invert the dorsoventral polar-
ity of the neural tube. 
Effects of the implanted notochord on the formation of
neural crest cell derivatives and ventral roots
Neural crest cells were previously shown to avoid the space
around both endogenous and implanted notochords
(Pettway et al., 1990). We have extended these findings to
examine the effects of the notochord on later stages of
neural crest development and ganglion formation. The pat-
tern of the peripheral ganglia was examined in 39 embryos
receiving donor notochords (with or without removal of the
endogenous notochord) after stage 20, by which time neural
crest-derived dorsal root ganglia have formed (Lallier and
Bronner-Fraser, 1988). All of these embryos had neural
tubes that appeared to have wedge-shaped protrusions adja-
cent to the implanted notochord; definitive floor plates
could be recognized in 21 of these embryos (see Fig. 4).
When the grafts were located laterally, the dorsal root gan-
glia were displaced to the space between the dorsal neural
tube and implanted notochord, whereas the contralateral
side appeared normal (Fig. 4A,B). When the notochord was
implanted either at the dorsal midline or dorsolaterally, the
dorsal root ganglia were displaced ventrally (Fig. 4C). In
addition, the ganglia were reduced in size by 47±18%
(range from 16 to 62% reduction) on the implanted side
compared with the unoperated side (n=7). In contrast, the
sympathetic ganglia appeared to be of comparable size on
both sides of the embryos. In agreement with previous find-
ings (van Straaten et al., 1988; Stern et al., 1991; Yamada
et al., 1991), an increased number of axonal bundles
emanated from the neural tube adjacent to the area of the
induced floor plate (Fig. 5A,B). 
Effects of a fixed dorsal notochord implant on neural crest
cell emigration and differentiation
In order to determine whether a viable notochord was nec-
essary to affect the pattern of neural crest cell emigration
Fig. 4. Fluorescence micrographs of transverse sections through
embryos receiving dorsal notochord implants at stage 10-11 and
examined after formation of dorsal root ganglia at stage 20-21.
Embryos were stained with the HNK-1 antibody. (A) An embryo
in which the implanted notochord caused a marked wedging in the
neural tube (large arrow), indicating the presence of an extra floor
plate. The dorsal root ganglion (D) on the implanted side was
lateral to the neural tube. The ganglion was reduced in size
compared with the contralateral side and was observed in a dorsal
position. (B) Another embryo in which the laterally grafted
notochord caused less severe ‘wedging’ of the neural tube.
However, the dorsal root ganglion was again displaced in position
and reduced in size. (C) An embryo in which the grafted
notochord was located both dorsally and laterally. The neural tube
appeared wedge-shaped toward the graft and the HNK-1
immunoreactive dorsal root ganglion appeared reduced in size and
displaced ventrally. Bar = 50 m m.
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and differentiation, a fixed notochord was placed either lat-
eral to or on top of the dorsal neural tube. Operations were
performed at stages 9-10 and fixed at stages 17-23, during
neural crest cell emigration and after ganglion formation.
In all 7 embryos, no floor plate was induced by a fixed
notochord. Furthermore, the position and size of the dorsal
root ganglia were not significantly different on the operated
versus unoperated side. This demonstrates that a live noto-
chord is necessary to effect the pattern of neural crest devel-
opment. 
Patterns of neuronal differentiation in the neural tube after
implantation of a dorsal notochord
Early differentiating neuronal cell bodies and axons within
the neural tube can be readily identified using an antibody
against neurofilament proteins. The endogenous floor plate
has a characteristic pattern of neurofilament immunoreac-
tivity, being devoid of neuronal cell bodies at most stages,
but having axonal processes traversing the basal processes
of its cells. Interestingly, occasional neuronal cells bodies
can be observed in the endogenous floor plate region of
stage 15 embryos (unpublished observation), but not at later
stages. In embryos receiving dorsal or dorsolateral noto-
chord implants, neuronal cells bodies differentiated on both
sides of the neural tube. Neurofilament-immunoreactive
neurons with rounded cell bodies and ventrally directed
axons, characteristic of commissural neurons, were
observed in the induced floor plate region of embryos fixed
at stages 15-19 (n=10; Fig. 6A-D). In addition to neuronal
cell bodies, numerous axonal processes were observed
within the induced floor plate region. This contrasts with
the endogenous floor plate, which lacked neuronal cells
bodies or processes at these stages. In embryos fixed 3 days
after implantation (stages 22-24; n=5), neuronal cell bodies
were no longer observed in the induced floor plate region.
Instead, axonal processes were seen near the basal surface,
similar to those noted in the endogenous floor plate region
(Fig. 6E,F). These results suggest that the neurons are
emoved from the induced floor plate region, either by dis-
placement or selective cell death after their initial differ-
entiation. Thus, the endogenous and induced floor plates
appear different with respect to neurofilament immunore-
activity 1 and 2 days post-implantation, but similar by 3
days. B cause neuronal cell bodies are observed occasion-
ally within the endogenous floor plate of young embryos
(unpublished observation), this distinction may represent a
temporal rather than phenotypic difference. 
Effects of a dorsal notochord implant on formation of
commissural neurons within the neural tube
Because neurofilament immunoreactivity cannot distinguish
classes of neurons, the data in the previous sections cannot
reli bly predict the types of neurons present in the induced
fl oor plate region. Some appear morphologically similar to
commi sural neurons, which are readily identifiable mor-
ph logically by their rounded cell bodies and ventrally
directed axons. This population first arises in the dorsal por-
tio  f the neural tube and sends its axons ventrally toward
t  the floor plate (Tessier-Lavigne et al., 1988). Commis-
sural neurons subsequently form along the entire lateral
margin of the neural tube. In order to distinguish commis-
sural neurons from other neurons, we have used an anti-
body against CRABP which selectively recognizes this neu-
ronal population within the neural tube (Maden et al., 1989). 
In or er to determine whether a dorsal floor plate affects
neural-tube-derived structures other than the neural crest,
we examined the effects of an ectopic notochord on the dis-
tribution of commissural neurons. To this end, we exam-
ined CRABP immunoreactivity in embryos receiving a
notochord graft either on the dorsum or the dorsolateral por-
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Fig. 5.Fluorescence
micrographs of transverse
sections illustrating the effects
of a grafted notochord on
formation of the ventral roots
(VR). (A) An embryo, stained
with the HNK-1 antibody, in
which the graft was performed
at stage 11 and the embryo was
examined at stage 20 . The
ectopic notochord caused
formation of smaller dorsal root
ganglia (D) and a ventral root
consisting of three bundles
(arrows) of HNK-1
immunoreactive cells and
axons. (B) An embryo, stained
with an antibody against
neurofilament. The graft was
performed at stage 10 and the
embryos was examined at stage
20. The width and number of
neurofilament immunoreactive
bundles was much greater on
the grafted right side than on the
unoperated side. Bar = 20 m m.
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Fig. 6.Fluorescence micrographs of transverse sections through embryos receiving notochord implants at stage 10-11 and examined for
neurofilament immunoreactivity at subsequent stages. (A,B) Low and high magnification micrographs, respectively of a section through a
stage 16 embryo, in which numerous neurofilament immunoreactive cell bodies and processes were observed adjacent to the implanted
notochord (N¢ ). (C) In a stage-19 embryo, neurofilament immunoreactivity was present in both cell bodies and axonal processes
throughout the induced floor plate region adjacent to the implanted notochord; arrows indicate the borders of induced floor plate. (D) An
adjacent section to C at higher magnification illustrating a neuron with a ventrally directed axon (arrow) reminiscent of a commissural
neuron within the induced floor plate; numerous axons were seen in the floor plate region. (E, F) Adjacent sections through an embryo
fixed at stage 23-24 viewed at low and high magnifications, respectively. Numerous neurofilament immunoreactive cells and axons were
present in the neural tube. However, the floor plate region (arrow) was devoid of cell bodies by this stage and contained only axonal
processes on its basal surface. Bar = 50 m m in A, C; 15 m m in B, F; 20 m m in D; and 35 m m in E.
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tion of the neural tube. Observations were made from sec-
tions through 7 embryos, examined 1.5-2 days after implan-
tation (stages 17 through 20). Commissural neurons were
defined by their CRABP immunoreactivity; also, in many
of the cells, we could visualize their rounded cell bodies
and ventrally projecting axons. CRABP immunoreactive
neurons were first observed in embryos fixed at stage 15,
when a few immunoreactive cells were seen in the lateral
regions of the neural tube. The number of commissural neu-
rons increased in embryos fixed at progressive stages. In
embryos with dorsolaterally implanted notochords, distinct
commissural neurons were present on both the unoperated
and notochord-implanted side of the embryo. They were
often found in the neural tube immediately medial to the
implanted notochord, in the region of the induced floor plate
(Fig. 7A,B). Even when the notochord was grafted to the
dorsal aspect of the neural tube, CRABP immunoreactive
neurons were observed adjacent to the implant in the
induced floor plate region (Fig. 7C,D). In some embryos,
fewer CRABP reactive cells were seen in the region of the
ectopic notochord than on the contralateral side. This was
most evident in embryos fixed at later times, consistent with
the possibility that commissural neurons may be cleared
with progressive developmental times. The results demon-
strate that the implanted notochord does not prevent initial
differentiation of commissural neurons in its vicinity, as
suggested by the neurofilament immunoreactivity.
Discussion
We have examined whether interactions between the noto-
chord and the dorsal neural tube suppress dorsal properties
such as formation of neural crest cells and commissural
neurons. The results demonstrate that neural crest cells emi-
grate from the dorsal neural tube even in the presence of a
dorsal or dorsolateral notochord and floor plate. Further-
more, commissural neurons also differentiate in the induced
fl oor plate region. Thus, the notochord cannot prevent
neural crest cell formation or commissural neuron differ-
entiation. Taken together with previous studies on ventral-
ization of the neural tube (van Straaten et al., 1988; Yamada
et al., 1991), our data suggest that the dorsal and ventral
properties of the neural tube may be regulated indepen-
dently. Portions of the dorsal neural tube, for example, may
be programmed to form neural crest and commissural neu-
rons in a manner that cannot be suppressed by contact with
the notochord. However, the notochord does influence the
subsequent development of neural crest cells and commis-
sural neurons. It produces a perinotochordal matrix which
is inhibitory for neural crest cells (Newgreen et al., 1986;
Pettway et al., 1990) and it alters the position and size of
neural crest-derived dorsal root ganglia. 
By examining CRABP and neurofilament immunoreac-
tivities, we have made a number of novel observations
regarding the distribution of commissural neurons and other
axonal processes in the region of the induced floor plate.
First, we observed CRABP-reactive commissural neurons
in the region of the induced floor plate, suggesting that these
‘dorsal’ neurons are not subverted to form ventral motor
neurons. Rather, both dorsal (our findings) and ventral
(Yamada et al., 1991) neuronal types appear to co-exist in
the vici ity of the induced floor plate. Second, the induced
fl oor plate is either different or temporally delayed com-
pared with the endogenous floor plate with regard to its
content of neurons and axons. The host floor plate is a
neuron-free region which only has axonal processes cir-
cumnavigating its basal side. In contrast, the induced floor
plate contains abundant axonal processes as well as neu-
ronal cell bodies one to two days after notochordal implan-
tation. At later stages, neuronal cells bodies and processes
are no longer observed in the induced floor plate, suggest-
ing that a significant reorganization occurs. Our observa-
tions cannot distinguish between the possibility that com-
missural neurons in the floor plate region are removed by
selective cell death or by active migration of cell bodies.
However, movement of other types of neurons within the
spinal cord has been documented (Markham and Vaughn,
1991). These results illustrate that secondary induction of
a floor plate may not mimic the endogenous induction in
all respects. Interestingly, the induced and endogenous floor
plates become morphologically similar by 3 days after
implan ation. Some neurofilament immunoreactive cells
o casionally are observed in the endogenous floor plate at
early stages (unpublished observation). Thus, it is possible
that cle rance of neurons from the floor plate region occurs
during normal development and is temporally delayed in
the induced floor plate. 
Signals from the notochord and floor plate play a role in
establishing cell identity along the dorsoventral axis of the
neural tube (van Straaten et al., 1988; Yamada et al., 1991).
An ectopic notochord grafted adjacent to the neural tube
appears to induce differentiation of the floor plate and motor
neurons (van Straaten et al., 1988, 1989; Yamada et al.,
1991). Once formed, the floor plate itself can induce the
formation of additional floor plates and motor neurons
(Yamada et al., 1991). Taken together, these results suggest
that the notochord and floor plate can cause ventralization
of neural tube structures. A possible mechanism for these
fi ndings, proposed by Yamada and colleagues (1991), is
that the notochord and floor plate may be sources of an
inducing substance that diffuses through the neuroepithe-
lium. Neural tube cells may respond to the local concen-
tration of this diffusible factor such that the cells experi-
encing highest concentrations become floor plate whereas
cells detecting a lower concentration become motor neu-
rons. The differentiation of dorsal cell types, such as com-
missural neurons within the neural tube, occurs even in the
absenc  of the notochord (Yamada et al., 1991). Thus, some
‘d rsal’ properties may be constitutive or may require
instru tive cues from other sources. For example, they
could occur via interactions between the neural plate and
chordamesoderm prior to formation of the notochord or
from lateral interactions within the ectoderm/neuroecto-
d rm. The finding that some commissural neurons cannot
be subverted by a notochord implanted dorsally during
neural tube closure may not be surprising, since a subpop-
ulation of these neurons is born quite early in development,
d ing or prior to the early stages of neurulation (Sechrist
and Bronner-Fraser, 1991; Yaginuma et al., 1990). In con-
trast, ther dorsal markers, such as the AC4 epitope are dis-
placed after a dorsolateral notochord graft (Yamada et al.,
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1991). Since the antigen has yet to be identified, its rela-
tionship to neural crest cells and commissural neurons is
presently unknown. Thus, implanted notochords may have
differential effects on various ‘dorsal’ properties. Although
it is clear that many commissural neurons can differentiate
in the vicinity of an ectopic floor plate, we cannot rule out
the possibility that a subpopulation of presumptive com-
missural neurons changes their prospective fate after noto-
chord implantation to become motor neurons, as suggested
by Yamada and colleagues (1991). Similar to commissural
neurons, neural crest cells arise even in the presence of a
dorsal notochord. The finding that both commissural neu-
rons and neural crest cells are unaffected by the presence
of a dorsal notochord is consistent with the observation that
these two populations can share a common lineage (Bron-
ner-Fraser and Fraser, 1989).
What factors are responsible for formation of the neural
crest? The present results suggest that, in the trunk region,
induction of the neural crest within the dorsal neural tube
occurs prior to tube closure. In contrast, induction of the
fl oor plate occurs following neural tube closure and removal
of the notochord after neurulation results in the absence of
the floor plate and motor neurons (Yamada et al., 1991).
Therefore, the acquisition of ‘dorsal’ traits may occur well
before acquisition of ‘ventral’ traits. Grafting experiments
suggest that neural crest cells may form when the neural
tube and ectoderm are juxtaposed. For example, transplan-
tation of axolotl neural plate into epidermis or vice versa
results in the formation of neural crest derivatives
(melanocytes and spinal ganglia) at the border between the
juxtaposed tissues; interestingly both epidermis and neural
plate can contribute to the newly formed neural crest deriv-
atives (Moury and Jacobson, 1990). Even after neural tube
closure, the presumptive neural crest is not a segregated
population; rather, a single precursor cell in the dorsal
neural tube can give rise to neural crest cells, commissural
neurons and/or roof plate cells (Bronner-Fraser and Fraser,
1988, 1989). Thus, dorsal neural tube cells can assume a
number of ‘dorsal’ phenotypes. Although neural crest cells
normally arise from the dorsal neural tube, they can be
experimentally induced from the ventral neural tube at cra-
nial levels. When as much as half of the midbrain and/or
hindbrain is removed, the remaining ventral region of the
neural tube can completely regulate the missing dorsal
neural crest derivatives (Scherson et al., unpublished data).
Whether a similar regulation can occur at trunk levels has
yet to be tested. In light of these observations suggesting
that neural crest cells can arise from the entire dorsoven-
tral extent of the neural tube, it is interesting to note that
commissural neurons also arise both dorsolaterally and ven-
trolaterally (Yaginuma et al., 1990). 
In addition to the notochord, the neural tube itself appears
to affect the polarity of the developing nervous system.
When the neural tube is rotated shortly after tube closure
(stage 10-12) to invert its dorsoventral orientation by 180°,
neural crest cells emerge in ventral regions of the embryo
and migrate both dorsally and ventrally (Weston, 1963;
Stern et al., 1991). After dorsoventral rotation of the neural
tube, the central and peripheral nervous systems form with
inverted polarity with respect to the embryo, but normally
with respect to the rotated neural tube. The exception is the
sympathetic ganglia, which only form in their normal sites
and appear to require interactions with either the ventral
neur l tube or notochord in order to differentiate into adren-
ergic cells (Stern et al., 1991). These results demonstrate
that the undifferentiated neural tube has intrinsic polarity
prior to the time of rotation and dictates the orientation of
dorsal root ganglion formation. 
The notochord appears to have a variety of functions
invoked at different stages of development. During the time
of neural crest cell migration, the notochord appears to
i hibit neural crest cells in its immediate vicinity. In cul-
ture, neural crest cells avoid notochords (Newgreen et al.,
1986). In vivo, neural crest cells avoid implanted noto-
ch rds that are placed in their trajectory of migration
(Pettway et al., 1990). The inhibitory substance produced
by the notochord may be a chondroitin sulfate proteogly-
can (Newgreen et al., 1986; Pettway et al., 1990). Several
hours after the onset of neural crest migration, motor axons
extend their processes out of the neural tube through the
ventral root. The notochord has been shown to influence
the number of ventral root fascicles (van Straaten et al.,
1988, 1989; Yamada et al., 1991). Accordingly, we
observed numerous ventral root axon bundles emerging
both ventrally and dorsally from neural tubes in the vicin-
ity of implanted notochords. Interestingly, the notochord
not only induces formation of extra ventral roots but it also
influences their projection pattern into the periphery.
Tosney and Oakley (1990) have found that the notochord
inh bit  ventral root axons in the perinotochordal space.
These axons appear to move preferentially along the border
of the perinotochordal matrix. 
In addition to influencing neural crest cell and axonal
migration, the present results demonstrate that implanted
notochords can alter the position and size of neural-crest-
derived dorsal root ganglia (DRG). The finding that neural
cre t cells, DRGs and axons are all misplaced by the noto-
chord is consistent with the possibility that the notochord
produces an inhibitory substance(s) that discourages con-
tact with neural crest cells throughout the migratory period
and during gangliogenesis. A small number of neural crest
cells a e able to circumnavigate the implanted notochords
to form sympathetic ganglia of normal size and position.
The mechanisms underlying size-reduction of the DRG are
unclear; perhaps the notochord produces a substance that
inhibits neural crest cell division or imposes a physical con-
straint on neural crest cell-cell interactions, which alters
DRG cell number. Alternatively, a migration-inhibiting
substa ce produced by the notochord may constrain the
space available for ganglion formation, thereby indirectly
resulting in smaller DRGs.
In conclusion, the present results demonstrate that at least
some of the dorsal properties of the neural tube, its ability
to for  neural crest and commissural neurons, cannot be
subvert d by the presence of a grafted notochord. Although
the notochord plays an important role in neural tube polar-
ity, there must be an additional instructive influence that
causes ‘dorsalization’. This inductive signal is likely to
occur quite early, prior to neural fold formation. An inter-
esting question is whether a common signal influences the
differentiation of dorsal structures such as commissural
neurons, neural crest cells and perhaps other dorsal cell
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types. Because neural crest cells can share a common lin-
eage with dorsal neural tube cells (Bronner-Fraser and
Fraser, 1989), it is intriguing to speculate that their origin
and induction may be interdependent. 
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Fig. 7.Differential interference micrographs of CRABP immunoreactivity in embryos receiving notochord grafts at stage 10 and fixed at
stage 20. (A, B) Low and high magnification micrographs of a transverse section in which the ectopic notochord (N¢ ), grafted lateral to
the neural tube induced a wedge-shaped floor plate; the arrows indicate the borders of the induced floor plate region. Numerous CRABP-
positive cells and axons, visualized by their brown reaction product, were observed within the induced floor plate region. (C, D) Low and
high magnification micrographs, respectively, of a transverse section in which the notochord was implanted in the dorsal portion of the
neural tube (NT). In this embryo, the dorsally located notochord displaced the dorsomedial neural tube such that it appeared to be in the
dorsal midline. The cell body and axon of a commissural neuron (arrows) are clearly visible in the neural tube immediately below the
ectopic notochord in a dorsomedial position, suggesting that the notochord did not prevent differentiation of commissural neurons in the
dorsal neural tube. Bar = 50 m m in A, C; 15 m m in B, D.
Fig. 3. Transverse sections through embryos that received a small focal injection of DiI into the neural fold region prior to implantation of
an extra notochord (N¢ ) at stages 9-11. Note that, in many cases, the implanted notochord prevented fusion of the neural folds, causing the
formation of a floor plate in the presumptive roof plate region. (A) An embryo fixed at stage 15 and viewed through the fluorescein filter
set (through which DiI is evident). DiI-labelled cells were observed in the dorsal neural tube, but no labelled cells have emigrated from
the neural tube (NT). Occasionally, the notochordal cells also were labelled with DiI. (B) An embryo fixed at stage 16, viewed through
the fluorescein filter set. Some DiI-labelled neural crest cells (arrow) have emigrated from the neural tube. (C) An embryo fixed at stage
17, viewed through the rhodamine filter set (through which maximal DiI signal is detected). Numerous DiI-labelled neural crest cells
(arrows) were observed in the sclerotome on both sides of the embryo. The ectoderm also was labelled with DiI. (D) An embryo fixed at
stage 18, viewed through the rhodamine filter set. Numerous DiI-labelled neural crest cells were observed unilaterally throughout the
rostral half of the sclerotome. Bar = 40 m m.
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